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Abstract. The Caribbean sponge Mycale laevis is often found growing in close proximity
to living scleractinian corals. This commonly observed sponge–coral association has been
considered a mutualism, with the coral providing substratum for the sponge, and the sponge
protecting the coral skeleton from boring organisms. We examined the specificity of sponge
recruitment to live corals, expecting a positive and specific settlement response if a mutualism
exists. Benthic surveys conducted off Key Largo, Florida, and Bocas del Toro, Panama,
revealed that individuals of M. laevis grew on substrata that included dead coral and
other species of sponges. Selectivity analysis indicated that at three of the four survey sites,
M. laevis was not randomly distributed, but associated with live corals more frequently than
expected from proportional coral cover. However, settlement assays demonstrated that lar-
vae of M. laevis did not preferentially respond to the presence of live coral. We have previ-
ously demonstrated that adults of M. laevis are chemically undefended and readily eaten by
spongivorous fishes unless protected by adjacent substrata such as live corals. In overfished
areas, where spongivore density is low, the sponge is not selectively distributed near corals.
Initial results of settlement experiments with different substrata suggested that larvae of M.
laevis responded positively to the presence of the chemically defended sponge Amphimedon
compressa, perhaps indicating an associational defense. Further experiments revealed that
larvae were reacting to artificially high concentrations of exudates from cut surfaces of Am.
compressa; settlement was not enhanced in response to healed pieces of Am. compressa. In
addition, the larvae of M. laevis did not selectively respond to live coral or to chemically
defended heterospecifics. These results indicate that the commonly observed proximity of M.
laevis to live corals is not driven by larval settlement behavior, but instead by post-settlement
mortality due to predation.
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Larval settlement behavior and post-settlement
survivorship both greatly influence the demographics
of sessile benthic marine organisms on coral reefs
(Hughes 1984; McMurray et al. 2010). It may be
evolutionarily advantageous for invertebrate larvae
to be selective, responding to chemical or physical
settlement cues that indicate an optimal environment
(Pawlik 1992). In some cases, settlement cues are well
understood; for example, larvae of some tube-build-
ing polychaetes respond to bacterial metabolites in
biofilms (Harder et al. 2002), or free fatty acids
present in the sand tubes of adult conspecifics (Pawlik
& Faulkner 1986; Pawlik 1988, 1992). Scleractinian
corals have been the subject of considerable research,

with crustose coralline algae (Morse et al. 1994;
Heyward & Negri 1999; Ritson-Williams et al. 2009)
and bacterial biofilms (Webster et al. 2004) identified
as potential sources of larval settlement cues.

Relatively little is known about the settlement
preferences of sponge larvae. Like scleractinian cor-
als, sponges can broadcast gametes that are fertil-
ized externally (Mariani et al. 2001; Ritson-Williams
et al. 2004), or they can brood larvae before release
(Lindquist & Hay 1996; Collin et al. 2010). There is
some debate as to whether sponge larvae respond
strongly to cues from settlement substrata. As
sponges lack a nervous system and well-developed
sensory receptors, they were initially regarded as
non-specific in terms of larval settlement, exhibiting
no particular substratum preferences (Bergquist &
Sinclair 1968; Bergquist 1978). More recently,
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sponge larvae have been demonstrated to respond
to chemical or textural cues, especially those from
natural reef substrata. For example, the presence of
coral rubble and coralline algae enhanced settlement
of larvae of Reneira sp. in comparison with
other substrata (Jackson et al. 2002), and larvae of
Coscinoderma matthewsi (LENDENFELD 1886) attached
and metamorphosed earlier in the presence of coral
rubble and biofilmed surfaces (Abdul Wahab et al.
2011).

In this study, we considered possible factors that
could affect sponge settlement choices. The orange
icing sponge, Mycale laevis (CARTER 1882), is one of
the ten most common sponges on Caribbean reefs
(Pawlik et al. 1995), and is notable for its common
proximity to scleractinian corals (Hill 1998). Sessile
coral reef inhabitants frequently compete for
space on the reef; however, the association between
M. laevis and corals has been hypothesized to be a
mutualism, in which the sponge gains substratum
for growth (the underside of coral colonies), and the
coral gains protection from bio-eroding organisms
because the sponge covers susceptible coral skeleton
(Goreau & Hartman 1966). Because members of
M. laevis grow on substrata other than coral skele-
ton adjacent to live coral, this potential mutualism
is not obligate (Goreau & Hartman 1966; Loh &
Pawlik 2009). Nonetheless, as a facultative mutual-
ist, it would be expected that sponge larvae exhibit
enhanced settlement and metamorphosis in response
to the presence of live scleractinian corals. Host-
specificity has been demonstrated in many species of
sessile invertebrates, such as sponge-inhabiting
zoanthids (Crocker & Reiswig 1981) and coral-bor-
ing bivalves (Mokady et al. 1991), with larvae
hypothesized to respond to specific cues from their
preferred hosts before settling. A similar response
has been reported for larvae of the sponge Haliclona
caerulea (HECHTEL 1965) in response to its faculta-
tive algal host Jania adherens LAMOUROUX 1812,
with >90% of sponge larvae settling on algal fronds
in choice experiments (Avila & Carballo 2006).

Alternatively, the observed association between
M. laevis and scleractinian corals could be driven by
predation on sponges. Predation, particularly by
spongivorous fishes, strongly regulates sponge popu-
lations on Caribbean reefs (Pawlik 1998; Pawlik
et al. 2008). From field and laboratory assays, it is
known that adults of M. laevis are chemically unde-
fended and readily consumed by spongivorous fishes
(Pawlik et al. 1995; Loh & Pawlik 2009). By grow-
ing in the interstices and on the undersides of scle-
ractinian coral colonies, the sponges take advantage
of the physical protection offered by the hard and

structurally complex coral skeletons to avoid preda-
tion. At least in areas with high spongivore densi-
ties, members of M. laevis clearly benefit from
associating with corals, although reciprocal benefits
for corals are unknown. In severely overfished areas,
where sponge-eating fishes are scarce, M. laevis is
released from predation pressure, and the associa-
tion with corals is less evident, with the sponge
growing over and on top of coral colonies, often
smothering live coral polyps (Loh & Pawlik 2009).

If associating with live corals increases the fitness
of members of M. laevis, it would be beneficial for
the larvae of M. laevis to preferentially settle on cor-
als, and we would expect that adults of M. laevis
would grow more frequently in proximity to live
corals than on other reef substrata. To test these
predictions, we performed benthic surveys on
reefs off Key Largo, Florida, and Bocas del Toro,
Panama, as well as larval settlement assays in the
laboratory. Because general information on sponge
reproduction is scarce, we also describe larval
release and other reproductive characteristics of
M. laevis.

Methods

Benthic surveys

Reef surveys were conducted at Conch Reef
(24°56.996′N, 80°27.223′W) and North Dry Rocks
(25°07.850′N, 80°17.521′W) in Key Largo, Florida,
and Punta Caracol (9°22.638′N, 82°18.152′W) and
Adriana’s Reef (9°14.517′N, 82°10.415′W) in Bocas
del Toro, Panama, to determine the relative abun-
dance of possible sponge settlement substrata. Sites
at Key Largo are protected from fishing and man-
aged within the Florida Keys National Marine
Sanctuary, while sites at Bocas del Toro are
regarded as severely overfished (Loh & Pawlik
2009). Five 20-m transect lines were laid out in a
single row along a constant depth at each survey
site, and benthic community cover was recorded
using the Global Coral Reef Monitoring Network
Line Intercept Transect (LIT) methodology (English
et al. 1997), in which the “length” of each benthic
entity encountered under the transect tape was
recorded. The total “length” for that organism
summed up >100 m was then used as a proxy for
benthic cover. Surveys were conducted at depths of
13, 8, 6, and 5 m at Conch Reef, North Dry Rocks,
Punta Caracol and Adriana’s Reef, respectively.
Sites at Key Largo were surveyed over November to
December 2007, and sites at Bocas del Toro were
surveyed in August 2007.
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To establish if adults of Mycale laevis are more
commonly found on live scleractinian corals than on
other substrata, 50 individuals of M. laevis were sur-
veyed at each of the four reef sites listed above.
Sponges were haphazardly selected along the same
depths used for the benthic LIT, and the primary
substratum was recorded for each individual.
Sponges that were monitored were spaced � 3 m
apart on the reef, and the survey swim continued
until 50 individuals were encountered. Based on the
initial observations of substrata on which individu-
als of M. laevis grew, the following substrata were
chosen for selectivity analysis: live scleractinian
coral, dead coral (this category included coral pave-
ment), gorgonians, other sponge species, and rubble
(defined as loose pieces of dead coral smaller than
15 cm in length).

Chesson’s a was calculated for each prospective
substratum to test for selective distribution in the
settlement of M. laevis (Chesson 1978). For each
substratum i, ai is defined as:

ai ¼ ðrip�1
i Þ=

Xk

j¼1

ðrjp�1
j Þ

where r is the proportion of the substratum type on
which M. laevis was observed, p is the proportional
availability of the substratum on the reef, and k is
the number of substratum types. If M. laevis were
found exclusively on one particular substratum, a
for that substratum would be 1; if M. laevis were
never found on a substratum, a would be 0; for a
random distribution, a would be 0.2.

Larval settlement assays

Adults of M. laevis brood non-tufted parenchymel-
la larvae (Maldonado 2006) in chambers within the
sponge mesohyl. Brooded embryos have been
observed in sponge samples collected from Belize in
August (Hajdu & Rützler 1998), and larvae were pres-
ent in sponges at Bocas del Toro in the months of
July to September from 2007 to 2011 (T.-L. Loh, un-
publ. data). Larvae of M. laevis were collected using
larval traps deployed over sponges in the field at Casa
Blanca reef flat (9°21.461′N, 82°16.273′W) at depths
of 1–4 m off Bocas del Toro, Panama, during the
summer months of 2009–2011. For each field season,
larval traps were placed over 22–29 individual
sponges, with larval trap design based on methods in
Lindquist (1996) and Henkel (2008). To construct lar-
val traps, two holes were cut into the opposite sides of
200 mL Nalgene© bottles; holes were then covered
with 50 lm plankton mesh. Bottles fit over the
pointed end of a 50 mL plastic centrifuge tube with

the tip cut off. The other opening of the centrifuge
tube was attached to a nylon stocking mesh that was
stretched over the oscules of the sponge.Mycale laevis
is present in two color morphs at Bocas del Toro,
white and orange (Loh et al. 2012); larvae were only
collected from the orange morph. Traps were
deployed in the late morning, and collected 24 h later.
Larvae were brought back to the laboratory at the
Smithsonian Tropical Research Institute (STRI) Bo-
cas field station, and used in settlement assays the
same afternoon they were collected.

All larval experiments were no-choice assays, in
which swimming larvae of M. laevis were exposed to
a single piece of reef substratum in a clean petri dish
and scored for metamorphosis and attachment. Meta-
morphosis was defined as the stage when larvae
stopped swimming, rounded up, and lost their exter-
nal ciliated layer (Bergquist & Green 1977), described
in this article as the “ball” stage. For the first series of
assays, August–September 2009, the experimental
substrata were live pieces of the scleractinian coral
Agaricia tenuifolia DANA 1846, dead pieces of Ag. ten-
uifolia with biofilm, dead pieces of Ag. tenuifolia that
had been scrubbed and dried, and freshly cut, live
pieces of the reef sponge Amphimedon compressa
DUCHASSAING & MICHELOTTI 1864. Experimental sub-
strata were trimmed to ~1.591.590.3 cm3 pieces for
use in the assays, and filtered seawater with no sub-
stratum was the control. Members of Ag. tenuifolia
and Am. compressa are commonly found on the reefs
at Bocas del Toro, and adults of M. laevis have been
observed growing in proximity with members of both
species (T.-L. Loh, unpubl. data).

Each experimental substratum was placed in a
1091091.5 cm3 square petri dish with 60 mL of fil-
tered seawater and ten actively swimming sponge
larvae. Three replicate assays were conducted for
each treatment. Petri dishes were covered and placed
in a darkened space. After 12 and 24 h, the status
of each larva was recorded as (1) attached (including
attached and metamorphosed), (2) swimming, (3)
not moving, or (4) metamorphosed but unattached.
To maintain water quality, 30 mL of filtered seawa-
ter was replaced in each petri dish at 12 h.

Results from the larval settlement assays with reef
substrata indicated that the larvae of M. laevis
responded positively to the presence of the sponge
Am. compressa. Because the latter sponge is chemi-
cally defended from fish predators, we examined the
possibility that proximity to Am. compressa might
provide an associational defense for M. laevis. Het-
erospecific sponge mutualisms in which a palatable
sponge benefits from growing in association with a
chemically defended sponge have been demonstrated
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previously (Engel & Pawlik 2000; Wilcox et al. 2002),
and members ofM. laevis have been observed to grow
in close proximity to other species of sponges. To test
for responses to heterospecifics, larvae of M. laevis
were exposed to pieces of other sponge species in
assays performed in July 2010. Sponges used as sub-
strata in these assays were the chemically defended
Am. compressa and Aplysina cauliformis (CARTER

1882), and the chemically undefended Iotrochota bi-
rotulata (HIGGIN 1877) and M. laevis. Dead pieces of
the coral Ag. tenuifolia were used as alternative sub-
strata, and filtered seawater with no substratum was
the control. Three replicate assays were conducted for
each treatment. Sponge pieces were cut into
~1.591.590.3 cm3 pieces, but for this round of exper-
iments, pieces were allowed to heal in flow-through
aquaria for � 24 h before use. As before, ten larvae
of M. laevis were introduced to substrata in petri
dishes containing 60 mL of filtered seawater, and the
number of attached larvae was counted every 6 h for
24 h. For larval assays with reef substrata and sponge
pieces, proportional larval attachment was arc-sine
transformed and compared across treatments using
repeated-measures ANOVA in SPSS v19 (IBM
Armonk, NY, USA).

Differences in the responses of sponge larvae to
pieces of Am. compressa that were freshly cut versus
those allowed to heal resulted in follow-up assays to
test the effects of aqueous exudates of Am. compressa
on the metamorphosis and attachment of the larvae
of M. laevis. Assays were conducted in August 2011.
Volumetric displacement was used to measure
100 mL of freshly collected Am. compressa, which
was then squeezed to render 61 mL of sponge juice.
The 19 concentration of sponge juice in assays was
defined to be the amount that would have been
squeezed from a piece of Am. compressa measuring
1.591.590.3 cm3 in 60 mL of seawater, the size of
the pieces used in the first round of larval settlement
assays with reef substrata, which is equivalent to
6.85910�3 mL sponge juice/mL seawater. Settlement
response was monitored for larvae exposed to juice
concentrations of 19, 1/109, 1/1009 and 1/10009
(with three replicates at each concentration). Using
the same protocol, a second set of assays exposed lar-
vae to 29 concentrations of sponge juice. The various
concentrations of sponge juice were achieved using
serial dilutions in filtered seawater. For each replicate,
five larvae were exposed to 10 mL of sponge juice at a
specified concentration in a single well of a six-well
cell culture plate. Metamorphosis and attachment of
the sponge larvae were then monitored every 6 h over
72 h. Larvae exposed to 29 sponge juice were moni-
tored for 48 h. After metamorphosis, in which larvae

stopped swimming and rounded up to a “ball” stage,
individuals were also monitored for further develop-
ment to the “flattened” stage (Bergquist & Green
1977). For M. laevis, the flattened stage was charac-
terized by a flattening of the “ball” form, an increase
in body size and the development of a ring of spicules
around the juvenile sponge body. Dead larvae were
only observed in assays with sponge juice, and were
distinguished from non-moving living larvae by the
change in body color from pale green to yellow,
which was usually accompanied by a loss in the integ-
rity of the outer surface of the larva (apparent using a
dissecting microscope). Comparisons of the numbers
of larvae in each settlement category across sponge
juice concentrations were carried out using Kruskal–
Wallis analysis for non-parametric data in SPSS v19.

Larval release and morphology

Adult sponges were maintained in a laboratory
aquarium to determine the timing of larval release.
Seven individuals of M. laevis totaling 1140 mL in
volume were collected from Punta Caracol, Bocas
del Toro, in August 2011 from depths of 1–5 m and
placed in an aquarium measuring 97997950 cm3 at
the STRI Bocas facility. These individuals were col-
lected intact, with no to minimal tissue damage, as
they had been growing on sand in shallow reef areas
at Bocas del Toro. These were then transferred care-
fully to the aquarium without exposure to air, and
monitored for signs of stress (e.g., closed oscules,
discoloration). The tank outflow (~12 L min�1) was
directed through a 300-lm mesh to capture larvae
released from the sponges. The number of larvae
captured was checked every 4 h (with an 8 h gap
from 22:00 to 06:00 hours) over 4 d. An additional
12 individuals of M. laevis were dissected to observe
the positions and sizes of the larval chambers within
the sponge choanosome. The distances from the
outer surface and the maximum diameters of five
larval chambers were measured and averaged for
each sponge individual, and overall mean distance
and diameter was then calculated over 12 individu-
als. The dimensions of 20 larvae were measured
under the dissecting microscope.

Results

Distribution of adults of Mycale laevis

About half of the individuals of Mycale laevis
encountered at all sites were associated with live
scleractinian coral (Table 1), regardless of whether
survey sites were protected from fishing, or over-
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fished. On the reefs of Key Largo and at Punta Cara-
col, M. laevis was also likely to be found on dead
coral (35–40%). No members of M. laevis surveyed
grew on dead coral at Adriana’s Reef, but 34% were
observed to grow on other sponges (Table 1). Ches-
son’s a indicated that M. laevis was selectively distrib-
uted on live scleractinian corals on the protected reefs
at Key Largo, with a� 0.70, which corresponds with
high proportional distribution of M. laevis on corals
relative to actual coral cover on those reefs. The
distribution of M. laevis was more neutrally selective
toward corals at Punta Caracol, an overfished site,
with a=0.44. Spongivorous fish density at Adriana’s
Reef is extremely low, but the sponge-eating seastar,
Oreaster reticulatus (LINNAEUS 1758), is abundant on
this reef (Loh & Pawlik 2009). Similar to results from
both reefs in Key Largo with high spongivore densi-
ties, M. laevis was selectively distributed on live coral
at Adriana’s Reef, with a=0.70. In terms of distribu-
tion, no strong associations were observed between
members of M. laevis and the other substrata
surveyed (Table 1).

Larval settlement on reef substrata

The behavior of larvae of M. laevis in settlement
assay dishes was observed with a dissecting micro-
scope and generally followed this sequence:
(1) swimming slowed as a larva approached a solid
surface; (2) the larva attached to the substratum at

its anterior pole; (3) the larva metamorphosed to
the “ball” stage; and finally, (4) the “ball” stage
juvenile developed to the “flattened” stage, as
described in the Methods. In some cases, larvae
metamorphosed in the water column without first
attaching to substrata; these juveniles were still sub-
sequently able to attach and develop further.

In the first series of settlement assays with reef
substrata, larvae of M. laevis started attaching in all
treatments by 12 h. By 24 h, most of the larvae in
the petri dishes with dead coral fragments or with
the heterospecific sponge Am. compressa had
attached (Fig. 1A). Proportional attachment differed
significantly among substrata as the main effect
(repeated-measures ANOVA, p<0.001), no interac-
tion between exposure time and substratum type
was observed (p=0.483), and attachment increased
over time in all treatments (p=0.005). From the Stu-
dent Newman–Keuls (SNK) post hoc analysis, the
group with the highest proportional attachment at
24 h comprised the treatments with dead coral and
Am. compressa, with 86.7±3.3% (SE) and 90.0±5.8%
of the larvae attached, respectively, followed by the
control with filtered seawater, in which proportional
attachment was 60.0±10.0%. The groups with the
lowest proportional attachment comprised treat-
ments in which larvae were exposed to live sclerac-
tinian coral and scrubbed dead coral, with
33.3±3.3% and 36.7±12.0% of the larvae attached
by 24 h, respectively. In the treatment with

Table 1. Proportion of available settlement substrata (p[Reef benthos]), proportion of substrata on which Mycale
laevis was growing (p[M. laevis]), and Chesson’s a for substratum preference of M. laevis for reefs off Key Largo,
Florida, and Bocas del Toro, Panama. An a of 1 indicates exclusive selectivity, 0.2 indicates neutral selectivity, and 0
indicates negative selectivity of M. laevis for growth on that particular substratum.

Key Largo, Florida

Conch Reef North Dry Rocks

Substratum p[Reef benthos] p[M. laevis] a p[Reef benthos] p[M. laevis] a

Dead coral 0.51 0.40 0.16 0.39 0.36 0.11
Live coral 0.14 0.54 0.78 0.08 0.44 0.70
Rubble 0.04 0 0 0.10 0.12 0.15
Gorgonian 0.11 0 0 0.13 0.02 0.02
Live sponge 0.20 0.06 0.06 0.31 0.06 0.02

Bocas del Toro, Panama

Punta Caracol Adriana’s Reef

Dead coral 0.30 0.35 0.34 0.07 0 0
Live coral 0.34 0.52 0.44 0.08 0.58 0.70
Rubble 0.18 0.01 0.02 0.62 0 0
Gorgonian 0.02 0.00 0 0.08 0.08 0.10
Live sponge 0.17 0.12 0.20 0.16 0.34 0.20
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Am. compressa, 80.0±0.0% (no variation among
replicates) of the larvae were attached to the petri
dish surface while 10.0±5.8% were attached to the
sponge piece at 24 h. More larvae exposed to dead
coral attached to the substratum itself, with
50.7±14.5% of the larvae settled on dead coral com-
pared to 30.0±17.3% settled on the dish at 24 h
(Fig. 1B). In treatments with live coral, scrubbed
dead coral, and filtered seawater, 36.7–56.7% of the
larvae were still swimming at 24 h, while almost no
larvae were still swimming 24 h after exposure to
dead coral or to Am. compressa. Rates of larval
metamorphosis without prior attachment to a sub-
stratum varied across treatments and time (Fig. 1B).

Larval settlement in response to sponge tissues

In a second series of settlement assays, larvae of
M. laevis did not preferentially respond to pieces of
healed sponge tissue from any sponge species,
including conspecific sponges (Fig. 2). Although
there was a significant time X substratum interaction
(repeated-measures ANOVA, p=0.001), the main
effect of substratum was not significant (p=0.548). In
contrast to the previous larval settlement assay,
attachment at 24 h when larvae were exposed to
Am. compressa was low, at 40.0±15.3% (Fig. 2). Pro-
portional larval attachment did not differ between
the treatments with sponge pieces and the control
with filtered seawater. The treatment with dead coral
had the highest proportional attachment, with
80.0±11.5% of the larvae attached by 24 h. How-
ever, due to large variance within treatments, this
result was not statistically significant (one-way
ANOVA with arc-sine transformed proportions,
p=0.102). As in the first assay with reef substrata,
more attached larvae settled on the substratum
instead of the dish in the treatment with dead coral
(72.5±18.45% of attached larvae), compared with
larvae exposed to Am. compressa (20.6±10.4%). The
percentages of attached larvae that settled on Aplysi-
na cauliformis, Iotrochota birotulata, and M. laevis
instead of on the petri dish were 22.2±22.2%,
36.1±7.3%, and 52.8±12.1%, respectively.

When larvae were exposed to varying concentra-
tions of sponge juice from Am. compressa, metamor-
phosis and attachment occurred earliest in the wells
containing juice at higher concentrations. In filtered
seawater and the 1/1009 and 1/10009 sponge
juice concentrations, 73.3–100% of larvae were still
swimming at 6 h, but all the individuals in the 19
and 1/109 treatments were either attached, meta-
morphosed, or both. Larvae in the 19 treatment
responded almost immediately to the sponge juice,
and attached within a few minutes of exposure,
remaining attached until they all died by 48 h. More
than half of the attached larvae in the 1/109 treat-
ment detached at 12 h, with most of them re-attach-
ing by 24 h. Metamorphosis without attachment
was not common across all treatments, and not
observed in filtered seawater. Proportional attach-
ment (including larvae that were attached and
metamorphosed) at 24 h was statistically different
across sponge juice concentrations (Kruskal–Wallis,
p=0.012). There was more larval attachment in the
high concentration treatments of 19 and 1/109
(100±0% and 93.3±7.8%, respectively) at 24 h
compared with the other treatments, which ranged
from no attachment in filtered seawater to 6.7±6.7%

Fig. 1. Response of larvae of Mycale laevis when exposed
to five substrata in petri dishes (n=3). A. Mean percentage
attachment at 12 and 24 h. B. Mean percentage response
at 12 and 24 h. Ten larvae were exposed to a single piece
of substratum in each petri dish. Error bars indicate stan-
dard errors, and letters above columns denote categories
as indicated by the Student Newman–Keuls post hoc
analysis at 24 h. Observed larval responses were: attached
to the petri dish, attached to the substratum, metamor-
phosed and unattached, actively swimming, or not
observed. DC, dead coral; DC*, scrubbed dead coral;
FSW, filtered seawater (control); HC, live scleractinian
coral (Agaricia tenuifolia); SP, live sponge (Amphimedon
compressa).
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in 1/10009 and 20.0±0% in 1/1009 sponge juice. At
72 h, attachment remained high in the 1/109 treat-
ment, but was not significantly different across juice
concentrations (p=0.093). The 19 treatment was not
included in the analysis of attachment at 72 h, as all
the larvae were dead by 48 h. The post-metamor-
phic “flattened” stage was first observed in 1/1009
and 1/10009 sponge juice and in filtered seawater at
12 h, and the total number of flattened stage juve-
niles increased over time (Fig. 3). Most of the indi-
viduals in the 1/10009 treatment (86.7±13.3%), and
about half of the individuals in filtered seawater and
the 1/1009 treatment (53.3±6.7% and 40.0±23.1%,
respectively) reached the flattened stage by 72 h
(Fig. 3). None of the larvae exposed to the 19 and
1/109 concentrations of sponge juice developed to
the flattened stage over 72 h. Larval mortality was
only observed in the 19 treatment.

When exposed to 29 concentrations of sponge
juice, 73.3±17.6% of the larvae of M. laevis meta-
morphosed without attachment by 6 h post-expo-
sure, compared to 13.3±13.3% in filtered seawater,
although the difference was not significant (p=0.072).
However, larvae in the 29 treatment also experi-
enced high mortality, with all the larvae dead by
30 h, while individuals in filtered seawater continued
to attach and develop over 48 h.

Larval release and morphology

Larvae inside brooding specimens of M. laevis
were packed into irregularly shaped larval chambers
with a mean diameter of 5.12±0.64 (SE) mm (n=12

individuals) that were shallowly dispersed in the
choanosome. Larval chambers were typically located
5.18±0.46 mm (n=12) from the outer surface of the
sponge. Brooded larvae ranged from white to pale
green, and were green when released, with a mean
length of 728.00±24.45 lm and a mean width of
573.50±15.51 lm (n=20). The anterior pole of the
larva was characterized by a yellow disk, and a
ring of cilia was found around the posterior pole.

Fig. 2. Mean percentage attachment of the larvae of Mycale laevis when exposed to healed pieces of reef sponges in
petri dishes over 24 h (n=3). Ten larvae were exposed to single sponge piece for each replicate. Error bars indicate stan-
dard errors. Filtered seawater was the control, and dead coral was used as an alternative substratum.

Fig. 3. Mean percentage development of larvae of
M. laevis to the “flattened” stage over 72 h when exposed
to varying concentrations of juice from Am. compressa.
The first flattened individuals were observed at 12 h. Five
larvae were exposed to 10 mL of sponge juice in a culture
plate well (n=3). Error bars indicate standard errors. No
individuals exposed to 19 and 1/109 juice concentrations
developed to the flattened stage. FSW, filtered seawater
(control).
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Individuals of M. laevis in aquaria did not show
signs of stress, as oscules were fully open and pump-
ing, and no discoloration of sponge tissues was
observed. Sponges released larvae in small quantities
throughout both daytime and nighttime, with no
clear maximal release period noted over 4 d. Mean
number of larvae released at the following 8-h time
periods were: 9.50±2.33 (SE) larvae from 0600 to
1400 (n=4 time periods), 6.00±2.65 larvae from 1400
to 2200 (n=3), and 2.67±2.19 larvae from 2200 to
0600 (n=3). An additional observation from the lar-
val settlement assays was that larvae were able to
fuse with one another at any stage of the settlement
process. Fusion did not appear to affect survivor-
ship or further development.

Discussion

Larval settlement in sponges is generally viewed as
non-specific (Maldonado 2006), conforming to the
results of our settlement assays, in which larvae of
Mycale laevis were observed to settle on a variety of
substrata. Although there was a trend of enhanced
settlement on dead coral, the results were not consis-
tent when assays were repeated. In the field, individ-
uals of M. laevis can be found growing on several
types of surfaces, from the undersides of live coral
colonies to mangrove roots and other sponge species.
Settlement is not limited to stable reef structures; on
the calm, shallow reefs off Bocas del Toro, Panama,
M. laevis was found growing directly on sand.
Contrary to the mutualism hypothesis, larvae of
M. laevis showed no affinity for live scleractinian
coral, and responded most strongly to biofilmed
dead coral. But despite the results of our settlement
assays, at three of the four survey sites, more individ-
uals of M. laevis were found in association with scle-
ractinian corals than expected from the coral cover
present on the reefs. The greater relative distribution
of M. laevis on scleractinian coral is likely the result
of predation on M. laevis, as the sponge gains a pre-
dation refuge when it grows among the branches and
plates of scleractinian corals. Live coral colonies are
also more structurally complex than dead corals,
which, like coral pavement, are often eroded. We
conclude that the distribution of M. laevis on reefs
can be best explained by post-settlement mortality,
with recruits exposed to predators more likely to be
eaten. The reefs off Punta Caracol, Panama, are
heavily overfished and have much lower densities of
spongivorous fish compared with reefs off Key
Largo (Loh & Pawlik 2009). As such, members of
M. laevis at Punta Caracol are subject to less preda-
tion pressure than sponges on reefs off Key Largo,

and the adult distribution reflects the non-specific
larval settlement patterns more closely. Adriana’s
Reef, Panama, like Punta Caracol, is also overfished,
but the spongivorous seastar Oreaster reticulatus is
abundant on this reef (Loh & Pawlik 2009), which
drives a sponge distribution pattern more similar to
that seen in Key Largo.

The propensity for sponge larvae to preferentially
settle on coral rubble in still water has been reported
in other species (Abdul Wahab et al. 2011). How-
ever, when we repeated settlement assays with sea-
soned pieces of dead coral, proportional larval
attachment was not significantly different from
those on other reef substrata. The larvae may be
responding to the biofilm on the surfaces of the
dead coral rather than to the coral skeleton itself.
Again, sponge larval responses to biofilm have been
previously described, with faster metamorphosis
recorded for larvae of Aplysilla sp. in the presence
of surface biofilms (Woollacott & Hadfield 1996).
However, it should be noted that post-metamorphic
survival and development in Aplysilla sp. were not
subsequently monitored.

Settlement of larvae of M. laevis in response to
pieces of the chemically defended sponge Amphime-
don compressa was probably an artifact of the exper-
imental procedure rather than a specific response
that evolved as part of a sponge–sponge associa-
tional defense. In the first series of settlement assays,
larvae were exposed to freshly cut pieces of Am.
compressa in small volumes of still water. The
sponge pieces likely produced tissue exudates from
their cut surfaces, creating artificially high concen-
trations of bioactive metabolites. Larvae can
undergo abnormal metamorphosis when exposed to
bioactive compounds, which is indicative of stress,
or the action of compounds on the sensory systems
of the perfused larvae (Pawlik 1990). The high rates
of metamorphosis and attachment of larvae of
M. laevis when exposed to serial dilutions of the
juice of Am. compressa may be a response to the
amphitoxins found in members of that species (Al-
brizio et al. 1995), although assays with purified
metabolites were not performed. Larvae exposed to
both freshly cut and healed pieces of Am. compressa
attached mostly to the petri dish, and not onto the
sponge itself. Furthermore, metamorphosis without
attachment was only observed in the treatments with
sponge juice and did not occur in filtered seawater.
At high concentrations of sponge juice, larvae never
developed to the flattened stage after metamorphosis
and experienced 100% mortality after 30–48 h of
exposure. In similar experiments, 100% of larvae of
Xestospongia bocatorensis DÍAZ, THACKER, RÜTZLER
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& PIANTONI 2007 died within a few minutes of expo-
sure to freshly cut pieces of Am. compressa (J. Vi-
cente, unpubl. data).

Still water assays remain popular for studying
invertebrate larval behavior because they are simple
to execute, and data collection is rapid and replica-
ble. However, our assays with the juice and freshly
cut pieces of Am. compressa demonstrate that posi-
tive responses to putative settlement cues can very
easily be an artifact of exposure of larvae to high
concentrations of bioactive metabolites (Pawlik
1990). Any apparent selective larval responses from
still water assays need to be further tested to place
results within a sound ecological context. Rates of
metamorphosis and attachment alone are not indica-
tive of positive larval settlement choices, and post-
metamorphic monitoring or the use of flume experi-
ments are required for a better understanding of lar-
val responses in the field (Pawlik et al. 1991; Pawlik
1992).

From the general patterns observed in the larval
settlement experiments and the adult distribution of
M. laevis, it is clear that members of M. laevis do
not specifically associate with scleractinian corals. As
for being a facultative mutualism (Goreau & Hart-
man 1966), the sponge receives obvious advantages
from growing in association with coral colonies, but
reciprocal benefits to the coral host, if they exist,
remain to be determined (Loh & Pawlik, in press).
Although the costs and benefits of the association
were not explicitly tested here, we have already
determined that the sponge, which is readily con-
sumed by sponge-eating fishes, benefits most from
the refuge provided by coral plates and branches
when spongivore density is high (Loh & Pawlik
2009), and the nature of the sponge-coral association
is likely to be conditional as spongivore density var-
ies. Scleractinian corals are purportedly defended
from invasion by boring sponges when associated
with M. laevis (Goreau & Hartman 1996), but this
benefit is likely negated when the sponge overgrows
its coral host. In areas where spongivores are
removed by fishing, M. laevis has a fleshy, erect
growth form that overgrows corals and is detrimen-
tal to their survival (Loh & Pawlik, in press). On
reefs where sponge predators are abundant, spongiv-
orous fish graze down M. laevis and limit sponge
overgrowth of corals (Loh & Pawlik 2009). Only
within the latter context is the association between
sponge and corals possibly a facultative mutualism.
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